Lung cancer is one of the most prevalent cancers and has very poor treatment outcome. Biomarkers useful for screening and assessing early therapeutic response may significantly improve the therapeutic outcome but are still lacking. In this study, serum samples from 218 non-small cell lung cancer (NSCLC) patients, 34 small cell lung cancer (SCLC) patients and 171 matched healthy controls from China were analyzed for 11 proteins using the Luminex multiplex assay. 
INTRODUCTION
Lung cancer (LC) has a 5-year survival rate of approximately 15% and is one of the leading causes of all cancer-related deaths worldwide [1] . Although there has been improvement in early detection and treatment, the prognosis is still poor for lung cancer patients [2, 3] . Biomarkers that allow early diagnosis, guidance of therapeutic selection and/or early assessment of therapeutic outcome should improve care for lung cancer patients. Several widely known cancer antigens including cytokeratin 19 fragment (CYFRA21-1), carcinoembryonic antigen (CEA), neuron-specific enolase (NSE) have been found elevated in some lung cancer patients [4] [5] [6] [7] .
Chronic inflammation plays an important role in tumorigenesis. Inflammatory proteins may be increased by tumor growth which induces an inflammatory microenvironment [8, 9] . Thus, inflammatory proteins can potentially serve as biomarkers for cancer diagnosis, prognosis and recurrence. Various types of cancers have been associated with serum amyloid A (SAA), C-reactive protein (CRP) and α1-acid glycoprotein (AGP). These non-specific, acute-phase proteins are secreted in response to various cytokines including IL-1, IL-6 and TNF-α [10] [11] [12] . SAA and CRP are elevated in the serum of various cancers [13] [14] [15] [16] [17] [18] including lung cancer [19, 20] . Both SAA and CRP also possess some prognostic potential for predicting survival of lung cancer patients Research Paper www.impactjournals.com/oncotarget [19, 20] . However, these proteins are elevated in a variety of disease conditions and are not sufficient for diagnostic or prognostic purposes by themselves.
Osteopontin (OPN) plays a critical role in many biological processes including tumor progression, metastasis and angiogenesis. OPN in the serum is elevated in different types of cancers [21] [22] [23] [24] including lung cancer [25, 26] and patients with high serum OPN have poor survival [25] [26] [27] . Just like the other biomarkers discussed above, OPN by itself is not sufficient for clinical application.
Serum migration inhibitory factor (MIF) has been assessed as biomarker for lung cancer [28] . Hepatocyte growth factor (HGF) was found to be increased [29] [30] [31] in the serum of patients with lung cancer and high levels of serum HGF may be associated with poor survival [32] . However, another study found decreased serum HGF levels in lung cancer patients [33] . Serum E-Selectin was reported to be elevated in lung cancer patients [34, 35] . Growth-related oncogene (GRO) is expressed in many types of tumors. Serum GRO was found to be elevated in stage IV gastric cancer patients [36] although it has not been studied in lung cancer. A number of studies also attempted to discover combinations of serum proteins to achieve better diagnostic or prognostic value [7, [36] [37] [38] . Despite of improvement over single molecules, none of the reported combinations achieved sufficiently high specificity and sensitivity.
Assessing the therapeutic response soon after initiation of treatment is potentially of great importance to improve care for lung cancer patients. On one hand, stopping unsuccessful treatment can allow patients to consider different treatment options and on the other hand it avoids unnecessary side effects caused by unresponsive therapies. Biomarkers measured both before treatment or soon after treatment may be used for this purpose and have been target for development for many cancers [36, [39] [40] [41] and in limited studies for lung cancer [42] [43] [44] . However, clinically actionable biomarkers have yet to be developed.
In this study, we analyzed eleven serum proteins in a large panel of NSCLC patients and healthy controls as well as a small number of SCLC patients. We discovered several combinations of multiple proteins that can be used for NSCLC diagnosis or assessment of response to therapies.
RESULTS

Serum protein changes in lung cancer
Eleven candidate proteins (CEA, CYFRA21.1, MIF, AGP, HGF, E-selectin, GRO, OPN, SAA, CRP, and NSE) were analyzed in serum samples from 218 NSCLC patients, 34 SCLC patients and 171 normal controls using Luminex multiplex assays. Figure 1A presents the raw data as box plots. Five of the eleven proteins (CEA, CYFRA21.1, OPN, SAA and CRP) were significantly increased in both NSCLC and SCLC patients compared to controls. The mean level of OPN is about 4-fold higher in both NSCLC and SCLC patients than controls (p < 10 -59 , and p < 10 -11 ). The mean SAA level is more than 5-fold higher in NSCLC and SCLC patients than controls (p <10 -36 and p < 10 -6 ) and the mean CRP level is increased in patients by more than 7-fold (p < 10 -37 and p < 10 -5 ). The mean CEA level is 4.9-fold and 2.9-fold higher in NSCLC and SCLC, respectively (p < 10 -29 and p < 0.001). The mean CYFRA21.1 level is 6.1-fold and 4.8-fold higher in NSCLC and SCLC, respectively (p < 10 -18 and p < 0.001). However, MIF, AGP, HGF, sE-selectin, and GRO are not significantly different or are only marginally different in NSCLC or SCLC patients compared to controls. The only major difference between SCLC and NSCLC is NSE, which has an 8.7-fold increase in SCLC (p = 0.0011) but only 1.6-fold increase in NSCLC (p = 0.000013) compared to controls.
To exclude the possibility that differences between patients and controls are caused by confounding variables, logistic regression was performed using protein concentration as dependent variable and sex and age as covariates. NSCLC is significantly associated with eight of the eleven proteins after adjusting for age and sex (Table 1A) , suggesting that the observed associations are not due to the examined covariates. Five of the eight proteins showing significant changes in NSCLC are also significantly different in SCLC (Table 1B) Figure S1 . CRP and CEA showed a small difference between early stage patients (stage I + II) and late stage patients (III + IV) but the difference is marginally significant before adjusting for multiple tests and not different after adjusting for multiple tests. Furthermore, the vast majority of the patients in this study are late stage patients and therefore stage is unlikely a major confounding factor in our studies.
We next examined whether serum protein levels are correlated with each other and the data are analyzed in three separate groups. To identify clusters of correlated proteins, the pair-wise correlation matrix is presented as a heatmap and subjected to hierarchical clustering ( Figure 1B) . The data indicate that only CRP and SAA are correlated in controls, while there are two subsets of correlated proteins in both lung cancer groups. The first correlated subset of proteins include CRP, SAA, AGP, GRO, HGF and OPN (average correlation coefficients are 0.17, 0.56 and 0.55 for normal controls, SCLC and NSCLC, respectively), while the second group of correlated proteins includes HGF, OPN, CYFR21.1, sEselectin, MIF and NSE (average correlation coefficients are 0.14, 0.49 and 0.34 for normal controls, SCLC and NSCLC, respectively). Interestingly, CEA is not correlated with any other protein (average correlation coefficients 0.09, 0.08 and 0.003 for the three subject groups).
Correlations with patient characteristics
Metastatic patients have significantly higher CEA than non-metastatic patients (FC = 2.1, p < 0.004) (Supplementary Figure S2) . MIF is marginally lower in patients with metastasis than without metastasis (FC = 0.8, p = 0.1). No other significant differences were found.
Diagnostic value for NSCLC
Area-under-the-curve (AUC) in receiver-operatingcharacteristic (ROC) curves were examined for each of the eleven proteins for their ability to separate NSCLC patients from controls. As shown in Figure 2A Subsequently, we examined AUC values using all combinations of three or four proteins consisting of OPN, CEA, CRP, SAA, CYFRA21.1 and NSE. As shown in Figure 2B , AUC for NSCLC can be improved by multiple combinations. Four best models with three proteins have near perfect AUC values (~0.96) and all four models contain both OPN and CEA, with a third protein being one of the other four proteins (NSE, CYFRA21.1, CRP, or SAA) ( Figure 2B ). However, no model with four proteins further improved the diagnostic value compared to the best three-protein models ( Figure 2B ). Table 2 presents the sensitivity values for individual proteins as well as different models at four different specificity thresholds (90%, 95%, 99% and 100%). Among individual proteins, the best performing protein is OPN, which has a sensitivity of 78%, 72%, 58% and 29% at specificity of 90%, 95%, 99% and 100%, respectively. The performance for CEA, CRP and SAA are comparable but worse than OPN. At the highest specificity requirement (99% and 100%), four multivariate models with three proteins (OPN-CEA plus CYFRA21.1, NSE, CRP or SAA) have reached sensitivity levels of approximately 70% and 60% ( Table 2 ), suggesting that these protein combinations possess excellent diagnostic potential.
The ability of each protein to distinguish NSCLC patients from SCLC patients was also examined. As shown in Supplementary Figure S3 , the best AUC value for individual proteins is 0.722 (NSE). Protein combinations could not improve the performance over single proteins. We did not evaluate the diagnostic potential for these proteins for SCLC due to the small sample size.
Changes in response to therapy
Serum samples before and post treatment were available from 68 NSCLC patients, all of whom received platinum-based therapies. The treatment can be grouped in three major categories based on the other treatment drugs. The first group included 43 patients treated with platinum and pemetrexed (PEM) and the second group had 17 patients treated with platinum and taxane (TAX), while the third group includes 8 patients that received platinum plus gemcitabine (GEM). For each individual patient, the ratios between protein levels post-treatment over pre-treatment were calculated for each protein. The mean ratios in each of the three treatment groups are presented in Figure 3 . The data indicate that several proteins were reduced post treatment in all three treatment groups. Proteins with greater reductions after treatment include CYFRA21.1, NSE, CRP and SAA. CEA is very interesting because its mean level is reduced post treatment in the gemcitabine and taxane treatment groups but was actually increased in the pemetrexed treatment group. Figure 4 shows the changes of individual patients in each of the three treatment groups. The first interesting observation is the great variability among different patients. For example, in the PEM group, CEA is greatly increased after treatment in some patients while some other patients have reduced levels. A subset of patients also showed dramatic reduction in the levels of CYFRA21.1, NSE, CRP and SAA. Furthermore, these four proteins are consistently changed or unchanged in most patients. Finally, there are higher percentages of patients with severe reduction in the GEM treatment compared to Taxane and PEM treatment.
To assess the overall changes of serum protein profile, we computed a therapy response index (TRI). The ratio of post/pre-treatment concentration was calculated for each patient and each protein. TRI for each patient is the sum of the log 2 ratios for the proteins used for TRI calculation. TRI can be calculated using any number of proteins but we focused on four proteins (CYFRA21.1-CRP-SAA-NSE) and five proteins (4 proteins + CEA). TRI can also be computed for different time points post treatment. TRI is shown as dot plots for selected combinations of proteins and time points ( Figure 5 ) and similar data were obtained for other time points and other protein combinations. We also examined the percentage of patients with different levels of TRI. Based on the distribution of TRI in the entire cohort, we selected two thresholds to examine the treatment outcomes. A TRI < 2 -10 (or 1/1028) is considered as good response, while a , while 55.5% of the patients had only modest reduction, unchanged or moderate increase (TRI > 2 -5 ) ( Figure 5 ). Since these serum proteins are increased in NSCLC patients compared to controls, their reduction in response to therapy should indicate reduction of tumor burden after therapy and the degree of reduction may be a reflection of the success of therapy.
We next examined the potential difference in treatment outcome between the three treatment groups ( Figure 5 ). Using TRI of 2 -10 as indication of good response to therapy, 62.5% of the patients receiving gemcitabine achieved good response compared to 26% and 13% for the pemetrexed groups at 3 and 5 months post therapy (OR = 5.1, p = 0.04; and OR = 10.8, p = 0.01, respectively). In the taxane group, 12% and 18% of the patients achieved good response at 3 and 5 months, which are significantly different from the gemcitabine treatment group (OR = 10.8, p = 0.01 and OR = 7.0, p = 0.06), respectively) but not significantly different from the pemetrexed group. These results may suggest that platinum plus gemcitabine is a better treatment for NSCLC.
Prediction of therapy response using proteins measured before therapy
We also examined whether protein changes in response to therapy can be predicted by the protein levels before treatment. Figure 6A plots the correlation between TRI and the pre-treatment levels for individual proteins. These results suggest that patients with good response tend to have much higher protein levels for CRP, SAA and CYFRA21.1. Although patients with the highest protein levels tend to respond better, not all patients with high expression respond well to treatment.
Subsequently, we examined whether the response to treatment and the total levels of multiple proteins. Surprisingly, very high correlations were observed Figure 2 : Receiving-operator-characteristics (ROC) curves that evaluate the ability to distinguish NSCLC patients from healthy controls. Single proteins (A) and multi-protein models (B) were used for the analyses. For multi-protein models, linear discriminate analysis was performed using all possible combinations for 3 or 4 of the 6 top performing proteins (OPN, CEA, CRP, SAA, CYFRA 21-1 and NSE). The performance of each model was evaluated using leave one out cross validation method. The utility of serum proteins as NSCLC biomarkers was evaluated using the area-under-curve (AUC) of the ROC curves for different models. ROC curves are only shown for the top performing models.
between TRI and the total protein levels of multiple proteins. Representative data for four proteins (CRP-SAA-CYFRA21.1-NSE) are shown in Figure 6B . The data suggest again that patients with higher protein levels have better TRI.
DISCUSSION
LC is a cancer with high mortality and morbidity in China and many other countries in the world and LC patients can be treated with surgery, chemotherapy and radiotherapy [45] . A number of studies have searched for serum protein biomarkers that can distinguish LC from controls and various associations have been suggested in the literature [46] . However, no biomarker reported so far is of great clinical interest due to the poor specificity and sensitivity. Therefore, the search for better biomarkers, either individual molecules or specific combinations of molecules, continues.
In this study, we analyzed 11 serum proteins in a relatively large cohort of LC patients and healthy controls and identified six proteins (OPN, CEA, NSE, CYFRA21.1, CRP, and SAA) that, in combination, may be of great clinical interest for NSCLC. The first potential application of these six proteins is related to NSCLC diagnosis. Among individual proteins, OPN is the best biomarker for diagnosing NSCLC (AUC = 0.919) in this study. This AUC value is also better than any individual proteins reported for NSCLC in the literature. OPN has been reported to be elevated in NSCLC serum and tissues and is associated with poor survival [25, 26] . In this study, NSCLC patients have 4.2 times higher OPN and SCLC patients have 3.7 times higher OPN than controls (p < 10 -58
). The AUC value for NSCLC is 0.919, indicating a good diagnostic potential.
The next two best performing individual proteins for NSCLC are CRP (AUC = 0.832) and SAA (AUC = 0.823), two inflammatory proteins. It has been reported that CRP Subjects are divided into three treatment groups, which received platinum plus one of the three drugs: PEM = pemetrexed, TAX = taxane, GEM = gemcitabine. The time point before treatment is set as 0 time point and the mean protein levels before treatment in each group are set as zero for the group. For each of the six months after treatment, the protein levels of each patient is divided by the pretreatment level in that patient to calculate the post vs pre-therapy ratio, which is then Log 2 transformed. The Log 2 ratios of all patients in the treatment group are averaged and plotted. If data are missing for any time point for a patient, measurement at the previous time point is used for data analysis. Paired T test was used to compare each post treatment time point and the pretreatment time point for statistical significance. Values at lower-right corner of each chart are p-values for pre-therapy vs 3-months post therapy comparisons for three treatment groups. P values for the 4, 5 and 6 month time points are similar but not shown. is higher in NSCLC patients compared to healthy controls but has modest prognostic value for survival in NSCLC patients [19, 20] . SAA was found to be increased by 14-fold in NSCLC patients compared to controls [47] and higher SAA level was also associated with poor survival in NSCLC [48] . This study with 218 NSCLC patients and 171 healthy controls convincingly shows significantly elevated CRP and SAA in LC patients compared to healthy controls. CRP is 11.0 times higher in NSCLC and 7.3 times higher in SCLC patients compared to controls. SAA is 8.3 times higher in NSCLC and 5.9 times higher in SCLC patients compared to controls. The inflammatory response to tumor and expression of CRP and SAA in tumor cells [49] may account for the coordinated elevation of SAA and CRP in cancer patients.
Three widely reported tumor antigens (CEA, NSE and CYFRA21.1) may be of diagnostic value for NSCLC although individually their AUC is modest (0.805, 0.77 and 0.60, respectively). CEA is 4.9 times higher in NSCLC and 2.9 times higher in SCLC. CYFRA21.1 is 6.1 times higher in NSCLC and 4.8 times higher in SCLC. NSE is only 1.7 times higher in NSCLC but 8.7 times higher in SCLC. NSE is indeed the only protein that is significantly higher in SCLC than NSCLC and may be an excellent biomarker for SCLC. The AUC values observed in this study for these three cancer antigens are in lines with findings reported in other studies [50] .
One of the most important discoveries in this study is that combinations (models) with multiple proteins can significantly improve the performance of serum proteins for diagnosis of NSCLC. Only six proteins with better performance based on individual proteins (OPN, CEA, CRP, SAA, CYFRA 21-1 and NSE) were used in the combination analyses. We evaluated all 30 combinations with three proteins in each model and all 15 models with four proteins in each model. Four models, each with three proteins, reached an outstanding AUC near 0.96. This is the best AUC achieved for LC to our knowledge. Interestingly, all four models contain OPN and CEA, with a third protein being CYFRA21.1, NSE, CRP or SAA. Although four models have similar performance, we believe that the models with tumor antigens (OPN-CEA-CYFRA21.1 and OPN-CEA-NSE) may be more appropriate than the models with inflammatory proteins (OPN-CEA-CRP and OPN-CEA-SAA) because CRP and SAA are elevated in many diseases including other cancers. Therefore, ) and moderate response (TRI < 2 -5 ). Differences in treatment response were compared between GEM and PEM treatment groups (G/P) and between GEM and TAX groups (G/T) by calculating the odds ratio (OR) and associated p value using TRI < 2 -10 as cutoff for good response.
the combinations of four serum proteins (OPN, CEA, CYFRA21.1 and NSE) may be excellent biomarkers for NSCLC diagnosis. Their potential for NSCLC screening should also be evaluated in future studies.
The second most important finding in this study is related to biomarkers that can assess the response to therapies and indication of disease recurrence. Previous studies have shown that poor outcome is predicted by high levels, slower and incomplete decline in CEA, CYFRA 21-1 and nucleosomal DNA [42] [43] [44] . Although these biomarkers are of some help to the management of individual patients, these tools are not ideal because the differences between the responder groups and nonresponder groups are usually small and overlap between the groups is quite significant. In this study, we examined the reduction of serum proteins by calculating the ratios between post-and pre-therapy concentrations and identified five proteins (CYFRA21.1, CEA, NSE, CRP and SAA) that are severely reduced in subsets of NSCLC patients in response to therapy. In many cases, multiple proteins are coordinately reduced by therapy. Therefore, we computed for each patient a therapy response index (TRI). TRI clearly identified a subset, approximately a quarter, of the NSCLC patients that have dramatically reduced protein levels (TRI < 2 -10 ). These patients responded very well to therapy as measured by the examined serum proteins that are known to be implicated in NSCLC. Unfortunately, survival data are not available for these patients to correlate TRI and patient survival.
Since prognostic biomarkers for patient response to therapy can improve patient care, we examined whether serum protein levels can predict therapeutic response in NSCLC. It was interesting to find out that almost all patients with great TRI have high levels of CYFRA21.1, CRP and SAA as well as slightly higher levels of NSE and OPN. Although the response to treatment is clearly associated with individual protein levels, the total protein levels of multiple proteins showed very good correlation with TRI. However, the clinical implication of these findings requires further investigation. It is now unclear whether the reduction of these proteins translates into long term survival benefit. Since these proteins are clearly NSCLC biomarkers, we believe that their reduction by therapy should be correlated with patient outcome. It is also unknown why TRI is correlated with pretreatment protein levels. One likely possibility is that the therapeutic response can be measured more effectively with biomarkers that are more highly expressed in the patients. This is a logic hypothesis and suggests that different biomarkers will be needed to monitor therapeutic outcome for different subsets of patients, the essence of personalized or precision medicine.
MATERIALS AND METHODS
Human subjects and serum samples
The selection criteria for patients with lung cancer were as follows: 1) pathologically confirmed patients (the diagnoses in all patients were confirmed each time by microscopic examination of the material obtained during bronchoscopy, biopsy, or surgery); 2) patients had no history of other carcinomas. A total of 218 NSCLC patients, 34 SCLC patients in Jiangsu Cancer Hospital between October 2011 and December 2012 and 171 healthy control subjects from Nanjing were used in the present study. Blood samples were collected from patients at the time of diagnosis and before any treatment (surgery and/or chemotherapy). Furthermore, blood samples from patients treated with surgery and/or chemotherapy were also collected monthly. Samples were centrifuged for 10 min at 3,000 rpm at 4°C, and serum was subsequently frozen at -80°C until use. This study has been approved by the human subject ethics committee of the Jiangsu Cancer Hospital and informed consent signed by the study subjects.
Luminex assays
Luminex assays for all proteins were obtained from Millipore (Millipore Inc., Billerica, MA, USA). The assays were performed according to the manufacturer's instructions. Briefly, serum samples were incubated with antibody-coated microspheres, followed by biotinylated detection antibody. Proteins were detected by incubation with phycoerythrin-labeled streptavidin and the resultant bead immuno-complexes were read on a FLEXMAP3D (Luminex, TX, USA) with the following instrument settings: events/bead: 50, minimum events: 0, Flow rate: 60 ul/min, Sample size: 50 ul, discriminator gate: 8000-13500. Median fluorescence intensity (MFI) was collected and used for calculating protein concentration.
Statistical analysis
Protein concentrations were estimated using a regression fit to the standard curve with known concentration included on each plate using a serial dilution series. The concentrations were logarithmically transformed prior to all statistical analyses to achieve normal distribution. The comparisons for 3 groups (N, SCLC, and NSCLC) were made by ANOVA followed by pair-wise group comparisons using t-tests ( Figure 1A) . To examine the relationships between disease status and serum protein levels, logistic regression was used by including age and sex as co-variates (Table 1) . To examine the correlation between levels of 11 proteins, the pairwise correlations were computed using Pearson correlation in controls, SCLC and NSCLC groups separately. Clustering and visualization of correlation matrix was performed using hierarchical clustering method and heatmap ( Figure 1B) . The diagnostic power of individual proteins and their combinations to differentiate controls and NSCLC patients was assessed using the area under the curve (AUC) of the receiver operating characteristic (ROC) curves (Figure 2) . Sensitivity values of individual and combinations of proteins at different specificity thresholds (90%; 95%; 99%; 100%) were computed ( Table 2 ). This ROC analysis was not performed for SCLC patients due to smaller sample size. Log 2 ratios of protein levels post-vs pre-treatment were computed at six different time points (1-6 month post-treatment). If data are missing for any time point, measurement at the previous time point was used for data analysis. For pre-post comparisons a paired t-test was used to compute p-values for individual treatment groups and all patients combined (Figure 3) . The trend of pre-and post-treatment protein levels in individual patients was visualized using line plots (Figure 4 ). Therapy Response Index distribution was plotted for each patient at two time points (3-months and 5-months post treatment). The comparison of TRI values in three treatment groups (PEM, TAX, and GEM) was made using fisher's exact test ( Figure 5 ). To examine the relation between the therapy response and protein levels before treatment, we computed Pearson correlation coefficient between TRI values and individual protein levels of CRP, SAA, CYFRA21.1, NSE, CEA and OPN. Correlation of TRI values with total protein levels before treatment was also computed ( Figure 6 ). All statistical
